In 3 Se 5 films have been synthesized on GaAs͑001͒ by cosputtering Cu/ In and evaporating Se method. Scanning electron micrograph results show that surface morphologies of CuInSe 2 and Cu 1 In 3 Se 5 epitaxial films are substantially different. The rectangular pits of CuInSe 2 films imply that the surface energy of ͑112͒B͓Se-terminated͔ is lower than ͑112͒A͓metal-terminated͔ in chalcopyrite CuInSe 2 crystals. Nevertheless, the square pits of the Cu 1 In 3 Se 5 films lead to the conclusion that ͑112͒A and ͑112͒B have almost the same surface energies in the defect-ordered chalcopyrite Cu 1 In 3 Se 5 crystals. It implies that charge compensation between ͑112͒A and ͑112͒B facets is the driving force of the square pits formation in Cu 1 In 3 Se 5 crystals.
Copper indium diselenide, CuInSe 2 , and related compounds, such as Cu͑InGa͒Se 2 and Cu͑InGa͒͑SeS͒ 2 , are leading candidates for absorber materials in large-area photovoltaic power generation systems. For the manufacturability of the photovoltaic devices, the fundamental understanding of the relationships among optical and electronic properties, microstructure, and microchemistry of CuInSe 2 have been intensively studied. However, a detailed growth mechanism of thin film CuInSe 2 is still strongly demanded. One of the features of CuInSe 2 , that is important to photovoltaic devices performance, is the surface stoichiometry as a function of composition. The device-quality Cu-poor CuInSe 2 films are observed to display a copper-depleted surface region, 1,2 and strong Cu-poor CuInSe 2 films exhibit a defect-ordered surface phase with a composition typically found to be Cu 1 In 3 Se 5 . 3 Various electronic measurements have clarified that the free surfaces and grain boundaries of CuInSe 2 films exhibit a type of inversion, accordingly the surfaces or the grain boundary regions become electron rich, even though the interior is still hole rich for the Cu-poor films. 4, 5 The use of single-crystalline epitaxial layers instead of polycrystalline films is expected to lead to an improved understanding of fundamental CuInSe 2 material properties, especially the surface stoichiometry of the high performance device-quality Cu-poor CuInSe 2 . A hybrid cosputtering Cu/ In and evaporation Se method, which has been used for the deposition of polycrystalline CuInSe 2 previously, 6 was used for the deposition of epitaxial layers on GaAs ͑001͒ substrates. Hybrid-process polycrystalline CuInSe 2 has been demonstrated to be of high-quality based on materials analyses comparing the resulting layers with those deposited by other methods, and by the fabrication of solar cells. Devices based on hybrid-process CuInSe 2 , containing no Ga and with thick heavily doped CdZnS window layers, have achieved conversion efficiencies as high as 10%. 7 Standard deposition conditions were as follows. The temperature of the Se effusion cell was 275°C to provide a supersaturation of Se at the growth surface. The atomic flux of Se was more than five times the combined Cu and In fluxes. Deposition was carried out at a temperature of 525°C and a deposition rate from 10 to 50 nm/ min, depending on the sputtering currents of the Cu and In targets. The thickness of the grown layers was typically ϳ1 m.
The microstructure properties of the films have been investigated by transmission electron microscopy and scanning electron microscopy ͑SEM͒. The previous results 8 of transmission electron micrographs showed that the Cu 1 In 3 Se 5 crystals exhibited an ordered point defect structure. Antiphase domain boundaries, stacking faults, and twins were also observed in the epitaxial Cu 1 In 3 Se 5 layers. Moreover, the present results of the scanning electron micrographs show that the surface morphologies of the CuInSe 2 and Cu 1 In 3 Se 5 epitaxial films, respectively, are substantially different. The rectangular pits of the CuInSe 2 films imply that the surface energy of ͑112͒B͓Se-terminated͔ is lower than ͑112͒A͓metal-terminated͔ in the CuInSe 2 crystals. The square pits of the Cu 1 In 3 Se 5 films lead to the conclusion that ͑112͒A and ͑112͒B have almost same surface energies in the Cu 1 In 3 Se 5 crystals.
The SEM result in Fig. 1 shows that the surface morphologies of ͑001͒-oriented Cu-poor CuInSe 2 film ͑with composition at. % 23.0 Cu/ 25.0 In/ 52.0 Se͒ on GaAs are anisotropically rippled along the ͓110͔ direction, with a spacing of roughly 0.33 m. The morphologies suggest that the ͑112͒B facets are the lowest energy, being the only surfaces which are stable against roughening. If CuInSe 2 ͑112͒B are the lowest-energy surfaces, then the other surfaces may, therefore, be unstable with respect to faceting. Long ripples which formed on the surface of the ͑001͒-oriented Cu-poor CuInSe 2 layers are due to faceting of this surface into long low-energy Se-terminated ͑112͒B faces with short metalterminated ͑112͒A faces at the ends of the ripples. The rip- pling of the ͑001͒ surface indicates that this surface is of relatively high energy. The ͑001͒-oriented Cu-poor CuInSe 2 layer ͑22.5 Cu/ 26.4 In/ 51.1 Se at. %͒ shown in Fig. 2 is deposited on a rough GaAs substrate. This roughness leads to pit-type growth defects. The elongation of the rectangular pits, along the ͓110͔ direction, results from a preference for the ͑112͒ surface termination on that side. Any rectangular pit will have two ͑112͒ faces terminated with Se ͑112͒B and two terminated with metal atoms ͑112͒A. Typical rectangular pits dimensions range from 0.5 m ϫ 1.25 m to 1.25 m ϫ 1.75 m with an approximate sidewall area ͑112͒A to ͑112͒B ratio of 1 : 2. Based on the above observations, it implies that 2␥͑112͒B ϳ ␥͑112͒A, where ␥ is denoted as surface energy. From simple geometrical analysis, the surface area of the rectangular pits and ripples is greater than the flat area it replaces by a factor of ͱ 3. Assuming that the faceting was nearly spontaneous, this would suggest that the surface energies as: ␥͑112͒ Ͻ ͑1/ ͱ 3͒␥͑001͒. Taken together, the above results imply the sequence of the surface energies of the Cu-poor CuInSe 2 crystals:
A similar argument of surface energy has been developed for the III-V compound GaAs. The experimental and theoretical results of GaAs have indicated that ͑111͒B͓As-terminated͔ surface has the lowest surface energy. 9 The surface energies proposed are consistent with the morphology of polycrystalline CuInSe 2 thin films which exhibit a strong preferred orientation. Plan-view transmission electron diffraction patterns ͑not shown͒ of our Cu-poor films demonstrated that they were chalcopyrite structure. However, Yan et al. 1 indicated that there was a different point-defect chalcopyrite structure in the surface region of their Cu-poor Cu͑InGa͒Se 2 films. The point-defect chalcopyrite structure may exit in the surface region of our Cu-poor films. The point-defect surface region may be related to the dominating ͑112͒ facets. The examinations of cross-sectional transmission electron microscopies of the surface region are currently under investigation.
The ͑001͒-oriented Cu 1 In 3 Se 5 layer ͑11.1 Cu/ 33.8 In/ 55.1 Se at. %͒, showing the surface morphology in Fig. 3 , was deposited on GaAs ͑001͒ substrate. The epitaxial Cu 1 In 3 Se 5 layer was an ordered defect compound clarified by our previous results of transmission electron diffraction patterns. 8 A ͓001͔ zone-axis pattern ͑not shown͒ included extra diffraction points, such as ͑001͒, ͑010͒, and ͑110͒, which were forbidden in ideal chalcopyrite structure. It resulted from that ordered defects were introduced in the chalcopyrite structure. The surface morphology of the epitaxial Cu 1 In 3 Se 5 layer is substantially different with that of CuInSe 2 films on GaAs, since no rippling of the ͑001͒ sur- face is found. By contrast, the surface is consisted by square pits-͑112͒ faceted pits with declined sidewalls parallel to the ͗110͘ directions. Based on ideal chalcopyrite atomic arrangement analysis, these square pits will also have two ͑112͒ faces terminated with Se ͑112͒B and two terminated with metal atoms ͑112͒A. Typical pits dimensions ranged from 0.1 m ϫ 0.1 m to 3.0 m ϫ 3.0 m, noticeably most pits are less than 0.5 m ϫ 0.5 m. However, Cu 1 In 3 Se 5 is metal-deficient compound compared to CuInSe 2 , and the atomic arrangements of Cu 1 In 3 Se 5 ͑112͒A and ͑112͒B are substantially different with ideal chalcopyrite. Besides, surface reconstruction also has a significant effect on the surface energies of these facets. Therefore, the surface energy of the metal-terminated ͑112͒A of the defect-ordered compound Cu 1 In 3 Se 5 could become lower and even close to that of ͑112͒B. The square pits of the Cu 1 In 3 Se 5 surface imply that the relationship of surface energies is ␥͑112͒B ϳ ␥͑112͒A. From simple geometrical analysis, the surface area of the pits is greater than the flat area of ͑001͒ it replaces by a factor of ͱ 3. Assuming that the faceting was nearly spontaneous, this would suggest that the surface energies ␥͑112͒ Ͻ ͑1/ ͱ 3͒␥͑001͒. Consequentially, taken together, the above results imply the sequence of the surface energies Cu 1 In 3 Se 5 crystals:
The square pits suggest that fully charge compensation between ͑112͒A cation and ͑112͒B anion with equal facet areas on local surface itself.
According to these theoretical calculations, 10-15 the charge compensation inducing the formation of square pits in the Cu 1 In 3 Se 5 crystals could be briefly explained as follows. The electrostatic potential raises the valence band until it overlaps the energy level of acceptor defects Cu vacancies at the polar ͑112͒A surface, ionizing them and releasing holes. These positive charged holes do not provide free carriers within the bulk of the film, while they are confined at or near the anion surface. Provided that the anion surface ͑112͒B has an order-defect reconstruction involving donor defects, such as anion vacancies or In on Cu antisites at the subsurface, these negative charges will exactly compensate for the holes from the cation surface. Consequentially, the polar-faceted planes will be autocompensated by the equal areas of anion and cation facets.
We summarize that the most stable surface is ͑112͒B in CuInSe 2 , while both ͑112͒A and ͑112͒B are stable surfaces in Cu 1 In 3 Se 5 . It should be noted that the surface reconstruction is essential to the properties of the polar ͑112͒ surfaces. However, in the photovoltaic applications of polycrystalline Cu-poor CuInSe 2 growth, the surface morphologies of the polycrystalline Cu-poor CuInSe 2 exhibit several different features. The polarities of the polycrystalline Cu-poor CuInSe 2 grains could be important for the CuInSe 2 / CdS devices, since the surface orientation of the CuInSe 2 layer must affect the heterojunction properties. The studying of the surface energies can provide an understanding of the growth behavior and crystal orientation of CuInSe 2 . It could be one of the important issues to improve CuInSe 2 in the photovoltaic applications.
